In both gram-negative and -positive bacterial infections, the kidney is a site of lodgment of microbial cells and a target for toxin activity. Small amounts of endotoxin reaching the kidney during gram-negative bacterial infections or substances released by host-endotoxin interactions elsewhere can cause lesions reducing renal function and producing a uremic state (3, 8, 9, 20) . During infection with Staphylococcus aureus, the kidneys of experimental animals contain alpha-toxin (7) and nuclease (6) , and the kidneys are a site of accumulation of injected staphylococcal enterotoxin (11) . Renal function in animals infected with S. aureus may decline in parallel with mean arterial function (2) , and slow death caused by injection of alpha-toxin is accompanied by severe renal necrosis (1) .
Our intent was to compare the outcomes, in terms of kidney-related plasma changes, of the infections caused by S. aureus and Klebsiella pneumoniae. They were found to differ both in uremia and by a striking increase in blood ammonia that followed injection of K. pneumoniae or endotoxin.
MATERIALS AND METHODS
Bacterial cultures and procedures of inoculation. S. aureus strain 14609, a human-derived strain highly virulent for mice (5) , and a mousederived strain of K. pneumoniae were used. Cultures were kept frozen and transferred before use to Trypticase soy agar slants (Difco) for 24 h at 35 C ahd then to quiescent culture in tubes of the same medium for 12 h at 35 C, followed by three washings and suspension in physiological saline.
Twenty-five-gram male mice were inoculated intraperitoneally with 1.0 ml of the suspension containing 108 colony-forming units, a treatment followed by death in 4 to 6 h. Alternatively, animals received 0.2 ml of the suspension subcutaneously, which caused death in 24 to 48 h. Conventional mice were from an inbred strain maintained in the departmental animal colony. Germ free mice were obtained from the Charles River Breeding Laboratories, Inc., Wilmington, Mass.
Assays. Blood and tissue ammonia was determined by the method of McCullough (10), whereas urea was measured by an Autoanalyzer. Arginase was measured by the method of Van Slyke and Archibald (17) , and arginine was assayed on a Beckman 120 amino acid analyzer.
To determine gastric emptying, mice were fasted overnight and inoculated intragastrically with 0.25 ml of nearly saturated phenol red delivered via a 1.5-inch (about 3.8 cm), 21-gauge blunt-tipped hypodermic needle. Stomachs from mice so treated were removed immediately or 60 min later, brought to a volume of 2.0 ml with water, and homogenized in a Teflon tissue grinder. The homogenate was centrifuged at 1,000 x g for 10 min, an 0.1 ml of the supernatant fluid was removed, mixed with 0.2 ml of 1.5 N trichloroacetic acid, and recentrifuged at 2,000 x g. The supernatant fluid was mixed with 0.3 ml of 0.1 N NaOH and 3.9 ml of ethanol. Dye absorbance was measured at 560 nm and the percentage of residual dye in the stomach at 60 min was calculated.
Staphylococcal nuclease was measured as described previously (6) .
For endotoxin assay, samples, either undiluted or diluted with pyrogen-free water, were mixed 1:1 with 0.1 ml of Limulus lysate in pyrogen-free glass tubes and incubated 60 min at 37 C. Gelation was determined by turning the tube on its side. An endotoxin standard (Difco), suitably diluted, was used to determine endotoxin concentration at the end point.
To remove inhibitors that interfere with the endotoxin assay, homogenates were subjected to pH adjustments (15 For the two bacterial species, then, the distribution of bacteria and bacterial products differed. However, the presence of staphylococcal nuclease activity in itself demonstrates that growth of the pathogen took place, since we have previously shown (6) that a killed-cell injection does not yield measurable activity. The growth of K. pneumoniae, as evidenced by endotoxin synthesis, also took place, for whereas the injection of killed cells produced pulmonary and cardiac levels of endotoxin comparable to those produced by viable cells, the endotoxin level in the liver was more than 1,200-fold greater with viable cells.
Levels of ammonia and urea in mice infected with S. aureus. Blood urea levels were normal in mice infected with Staphylococcus ( Table 2) . Similarly, in the absence of convulsions, blood and brain levels of ammonia were not altered in animals infected with S. aureus. In mice undergoing the terminal convulsive period, however, brain ammonia levels were increased.
Levels of ammonia and urea in mice infected with K. pneumoniae. Klebsiella injection resulted in uremia (Table 2) . Furthermore, levels of brain and peripheral blood ammonia were elevated in mice infected with this organism.
The time course of ammoniagenesis was observed in animals receiving injections of Klebsiella causing death in either 4 or 24 h. Before any deaths, blood ammonia had increased by 50 to 150% in animals injected with bacteria above controls receiving saline (Fig. 1) . Animals surviving longer than the mean time in the shorter-term survival experiments (240 min) had blood levels higher than animals sampled during the interval when most deaths were occurring. Similar survivors in the longer-term experiments (beyond 24 h) had blood ammonia Evidence for an active urea cycle in the host was also obtained when Klebsiella-challenged animals received injections of arginine or ornithine immediately after bacterial inoculation (Table 3) . Ornithine reduced ammonia concentration to nearly normal levels, significantly extending survival. Arginine did not lower the ammonia level, as expected, since it already contained a urea moiety. It did, however, extend survival times, but to a lesser degree than did ornithine.
Another likely source of the ammonia was the gastrointestinal tract since intestinal bleeding or necrosis would place ammoniagenic substrate in the tract. Histological examination, however, showed no difference between the tracts of control and treated animals. The effects of catecholamines is inferred from the intestinal constriction and inhibition of gastric emptying (Table 4) , but blocking these effects with phentolamine did not lower blood ammonia levels.
Cecal pH was 0.4 units more alkaline in affected animals, and increased intestinal alkalinity facilitates diffusion of ammonia into the blood (13) . If dThe sample is significantly different from the K. pneumoniae group (P < 0.05). Phentolamine was administered 20 min after the bacterial inoculation.
animals resulted in more urea entering the intestine, then this material would serve as an ammoniagenic substrate for the intestinal microflora, cause the observed alkaline shift, and produce the observed blood levels of ammonia.
Germfree animals were injected with K. pneumoniae in the manner producing shorter survival. These animals died in about the same length of time as conventional animals but showed no significant elevation in blood ammonia, although the average ammonia level seemed somewhat higher than in control animals receiving saline (Table 5 ). The Klebsiellatreated germfree animals did, however, show uremia with a 37% increase in blood urea above control animals.
Germfree animals maintained under conventional laboratory conditions for 2 weeks had a normal gut morphology indicative of bacterial colonization. These mice exhibited typical elevations of ammonia in the blood (195.0 50 ,ug/100 ml) when challenged with K. pneumoniae.
DISCUSSION
Although S. aureus cells were demonstrable in the kidneys of injected animals and the concurrent presence of nuclease was good presumptive evidence for the presence of the bacterium's other extracellular enzymes and toxins, no uremia was demonstrable in the shortersurvival treatment. Mukherjee et al. (12) did note excess formation of urea in S. aureus-injected mice, apparently due to protein degradation. The difference may be due to differences in bacterial strains used.
K. pneumoniae cells and endotoxin were also demonstrable in the kidneys of injected ani- (14) as consequences of administering either enterotoxin B or endotoxin. The bulk of the ammonia appears to arise f'rom the action of the intestinal microflora upon increased ammoniagenic substrate, most probably urea, as shown by the experiments with germfree mice. Ureolytic activity of K. pneumoniae itself' may also contribute to the increase in blood ammonia. Based on the results obtained with germfree mice, however, this possibility appears unlikely. Although increased blood urea was available to the injected Klebsiella as a result of uremia, the increase in blood ammonia in germfree animals was not statistically signif'icant, thus indicating that this contribution must be small. Furthermore, endotoxin by itself' was capable of producing comparable increases in blood ammonia.
The toxicity of ammonia, particularly to the brain (4) , is well recognized in certain noninfectious diseases (16, 18, 19) , but its toxic contribution in bacterial disease has not been studied. It seems to be a factor in the lethal events occurring in the shorter-term survival experiments, since ornithine both lowered the level of blood ammonia in these experiments and extended the survival time. 
